ABSTRACT: Intervertebral disc (IVD) degeneration is caused by a decrease in nucleus pulposus (NP) cells, due mainly to apoptosis. Focal adhesion kinase (FAK) is involved in the integrin (ITG)-mediated control of cell adhesion and anoikis (apoptosis). To explore the involvement of ITGb1/FAK-dependent apoptotic pathways in disc degeneration, histological, and molecular biological studies on the protein expression of fibronectin (FN), ITGb1, and syndecan 4 (SYND4) in non-degenerative and degenerative NP tissues were conducted. Degenerative NP cells were isolated and cultured in the presence of SYND4 and/or ITGb1, with or without an FAK inhibitor. The effects of upregulation or knockdown of ITGb1 gene expression were also examined. The TUNEL assay was used to determine the percentage of apoptotic cells. Western blotting was used to detect the expression of SYND4, ITGb1, FAK, and downstream pathway proteins. The results showed that extracellular FN was degraded during the IVD degeneration process, detrimentally affecting the function, and survival of NP cells. The apoptotic rate was increased by ITGb1 activation, but partially reduced by FN. After ITGb1 knockdown, the FAK/PI3 K/AKT axis was activated in the ITGb1/FAK-dependent pathways, resulting in increased cell adherence capacity and decreased anoikis. FN rescued the degenerative NP cells from anoikis through the FAKdependent signaling pathways. In conclusion, the extracellular matrix protein FN is essential for maintaining the function and survival of NP cells through ITGb1/FAK-dependent apoptotic pathways during disc degeneration. ß
Intervertebral disc (IVD) degeneration is a common clinical disease that causes low back pain and disability. 1, 2 The IVD is typically composed of nucleus pulposus (NP) and annulus fibrosus (AF) cells, which show differences in morphology but synthesize similar extracellular matrix (ECM) components. NP cells display a chondrocytic morphology and secrete an ECM with an abundant quantity of fibronectin (FN). [3] [4] [5] The molecular mechanism underlying IVD degeneration is very complicated; some of the factors responsible include mechanical strain, hypoxia, and an acidic environment. 6 Available evidence indicates that disc degeneration is the result of a progressive decrease in the proteoglycan content of the NP, leading to both dehydration and a decrease in the load-bearing ability of the disc. 7, 8 Ongoing studies are rapidly advancing our scientific understanding of the disorders of ECM metabolism, which include loss of the water content of the disc, obliteration of the boundary between the structure of the AF and NP, reduction in the IVD height, and increase in the mechanical load on the vertebral body. 6 Progressive degeneration in the later stages impacts collagen (COL) synthesis and degradation, eventually leading to disc collapse. 9 Apoptosis is the chief reason for the decrease in NP cells, eventually accelerating the process of IVD degeneration. Rannou et al. 10 reported that the increase in apoptosis of the IVD cells was mediated through the mitochondrial apoptotic pathway. Additionally, caspase-3 expression was significantly enhanced, inducing apoptosis in the IVD cells by activating executioner caspases 6 and 7 in the caspase cascade. 11 Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase that is involved in the integrin-mediated control of cell processes such as adhesion and anoikis (the apoptosis of anchorage-dependent cells due to reduced cell adhesion). FAK has been found to play key roles in the survival of anchorage-dependent cells. 12 The removal of cell adhesion can suppress the activity of FAK and induce apoptosis, but the interactive relationship is still unclear.
Although the exact function of FAK is unclear, it is possible that it participates in the formation and regulation of adhesion plaques during cell movement, via a mechanism involving signal transduction. The caspase-3-dependent proteolytic cleavage of FAK causes cell death, which indicates an association between FAK and apoptosis. 13 By using a synthetic peptide corresponding to the cytoplasmic domain of integrin-beta1 (ITGb1), apoptosis can be induced through the ITGb1/FAK-dependent signaling pathways. 14 The major goal of our study was to evaluate the expression of the FN, ITGb1, and syndecan 4 (SYND4) genes in degenerative NP tissues. In addition, we explored the FN-induced ITGb1/FAK-dependent apoptotic pathways and the downstream FAK/ phosphatidylinositol 3-kinase (PI3 K)/protein kinase B (AKT) axis.
MATERIALS AND METHODS
Tissue Collection and Grading of IVD This was an experimental pilot study on human degenerative NP cells. This study was reviewed and approved by the Ethics Committee of Tongji Medical College; written informed consent was obtained from all patients. The present study comprised 32 samples of IVD, 20 samples of herniated discs (Grade 4-5, classified on the basis of the MRI status of the disc degeneration) obtained from patients who had undergone a discectomy for IVD degeneration with the average age of 44.5 AE 18.2 years old, and 12 samples of nondegenerative discs from patients of thoracolumbar fractures with the average age of 25.2AE 10.6 years old. These samples were collected from January 2015 through to February 2017.
Isolation and Culture of Degenerative NP Cells NP cells were isolated and cultured as previously described. 15 In brief, IVD tissues were collected during surgery and immediately transferred to the laboratory. Under sterile conditions, the NP tissue was separated and minced into small fragments. After digestion with 0.2% Type II collagenase and 0.25% trypsin for 3 h, the cell suspension was filtered and washed in phosphate-buffered saline (PBS). Finally, the collected NP cells were cultured in growth medium (DMEM/F-12 supplemented with 20% fetal bovine serum, 50 U/mL penicillin, and 50 mg/mL streptomycin) in a 5% CO 2 incubator. The NP phenotype was identified by immunostaining and flow cytometry. The second and third generations of NP cells were used in subsequent experiments.
Stimulation of NP Cells
Degenerative NP cells were cultured to 100% confluency in 6-or 96-well plates coated with FN (F2006; Sigma) or COL (C7774; Sigma). Following serum starvation for 2 h, the degenerative NP cells were treated with SYND4 (10 and 20 ng/mL; Prospec) and/or ITGb1 (20 ng/mL; Prospec), and the medium was changed every 3 days. Controls were established, and the culture medium was changed at the indicated times. With respect to the signaling pathway, degenerative NP cells were treated with or without an FAK inhibitor (10 mM; Selleck). Each treatment was conducted and replicated in three different wells.
siRNA Transfection of NP Cells In Vitro
In this study, we knocked down ITGb1 expression in NP cells by direct transient transfection of the cells with small interfering RNAs (siRNAs). Three siRNA fragments against the ITGb1 gene, which were produced by Suzhou GenePharma, were designed with the following target sites: ITGb1 siRNA-567: CCACAGCAGUUGGUUUUGC; ITGb1 siRNA-859: GCACCAGCCCAUUUAGCUA; and ITGb1 siRNA-1726: GCAGCACAGAUGAAGUUAA. The detection efficiency of the siRNA fragments was screened by real-time quantitative fluorescence-based PCR. In brief, NP cells were seeded into 6-well dishes at a density of 3 Â 10 5 cells and incubated overnight. At 2 h before infection, the cells were cultured in serum-free DMEM/F12 medium. Then, the cells were transfected with 10 mL of the target siRNA, using Lipofectamine TM 2000 (Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. Six hours later, the culture medium was replaced with normal culture medium. At approximately 48 h post transfection, the expression of ITGb1 in the transgenic NP cells was detected. The results showed ITGb1 siRNA-859 to have the most significant knockout effect and it was therefore used in all subsequent studies.
Cell Adhesion Assay
Cell adhesion (i.e., the binding of cells to the ECM) is essential for cell proliferation and survival. After treatment with FN and/or the FAK inhibitor, NP cells from each different treatment group were collected and plated at a density of 2 Â 10 5 cells/mL in a 96-well plate coated with Matrigel TM Matrix. The plates were incubated for 1 h at 37˚C to allow the cells to adhere to the surface. Then, the plates were washed twice with DMEM to remove nonadherent cells. After the washing steps, 10 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) substrate was added to each well, and the plates were incubated for 4 h. Finally, the MTT-treated cells were lysed with 150 mL of dimethyl sulfoxide, and the absorbance at 568 nm (OD 568 nm ) was measured using an enzyme-labeling instrument.
TUNEL Assay
In brief, the slides on which the various transfected NP cells had been fixed were immersed in cold PBS containing 0.1% Triton X-100 for 2 min. After washing with PBS, 50 mL of terminal deoxynucleotidyl transferase and 450 mL of fluorescein-labeled dUTP were added to the slides in the experimental group. For the negative-and positive-control groups, 50 mL of fluorescein-labeled dUTP and 100 mL of DNaseI were used, respectively. After 10 min of incubation, the slides were wiped with paper, following which 50 mL of TUNEL reaction mixture (Roche) was added and incubation for 60 min at 37˚C was carried out in the dark. The slides were then washed three times in PBS and incubated with 4 0 ,6-diamidino-2-phenylindole for 5 min in the dark to stain the nucleus. TUNEL-positive cells were enumerated by fluorescence microscopy in order to determine the percentage of apoptotic cells. The cells were counted manually from digital images, in three randomly selected fields for each section on the computer screen.
Real-Time PCR Total RNA was isolated from the NP cells by using the TRIzol reagent (Invitrogen, Carlsbad, CA), and the purity of the RNA was assessed using a spectrophotometer (A 260 /A 280 ratio). The total RNA was isolated and measured by quantitative real-time PCR using an ABI7900 Illumina Eco Sequence detection system, according to the manufacturer's instructions. The primers used for the target genes were as follows:
0 -CTTTGCTACGGTTGGTTA-3 0 ; and Homo SYND4, For-
0 . GAPDH was used as the internal control. The PCR products were visualized by ethidium bromide staining, and the results were quantified using the Bio-Rad Imaging System. Each sample was assessed in triplicate. The relative expression of the target genes was reported as the relative fold change, calculated using the DDCt method (2
À44Ct
) following normalization to the controls.
Western Blotting
For the Western blot analysis, equal amounts of the protein extract were separated by 10-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the protein bands were then transferred to polyvinylidene fluoride (PVDF) membranes by electroblotting. After blocking with 5% non-fat milk in Tris-buffered saline with Tween 20 (TBST), the PVDF membranes were incubated overnight at 4˚C with the following primary antibodies: anti-rabbit GAPDH (1:1000; GOOD HERE, Hanzhou), anti-rabbit SYND4 (1:200; abcam), anti-mouse ITGb1 (1:500; NOVUS), anti-rabbit FN (1:500; ProteinTech Group), antirabbit AKT (1:500; ProteinTech Group), anti-rabbit phosphorylated (p)-AKT (1:1000; Cell Signaling Technology), anti-mouse FAK (1:2000; ProteinTech Group), anti-rabbit p-FAK (1:1000; Cell Signaling Technology), anti-mouse PI3 K (1:2000; ProteinTech Group), and anti-goat p-PI3 K (1:300; Santa Cruz Biotechnology). After 5-6 washes with TBST, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 2 h. Then, the membranes were washed three times with TBST buffer for 5 min, and the protein bands were visualized with diaminobenzidine (DAB; DA1010; Solarbio) substrate. The density of the protein bands was quantified and analyzed using the Bio-Rad Imaging System and normalized to the control levels, according to the manufacturer's protocols. Each experiment was performed in triplicate.
Caspase-Glo
W 3/7 Assay The Caspase-Glo 1 3/7 assay, a homogeneous detection method for measuring caspase activity, was carried out according to the manufacturer's protocols. In brief, after 36 h of stimulation in 96-well plates, NP cells from the different experimental groups were equilibrated at room temperature. Then, 100 mL of Caspase-Glo 1 3/7 reagent was added to each well, and the plate was covered with a seal. Negative and blank controls were also set. After adding the reagent, the luminous intensity was detected using a luminometer. In this photometric assay, the luminous intensity is proportional to the caspase activity.
Immunohistochemistry
Sections of about 5 mm in thickness were cut from paraffinembedded NP tissue blocks (n ¼ 4 for each experimental group), fixed on slides, deparaffinized with xylene, and rehydrated in a gradient series of ethanol. After washing with PBS, the endogenous peroxidase activity was blocked by immersing the slides in 0.3% H 2 O 2 at room temperature. This was followed by an overnight incubation of the sections with anti-FN (1:100; ProteinTech Group), antiITGb1 (1:100; Novus), and anti-SYND4 (1:100; Abcam) antibodies at 4˚C. After washing with PBS, the slides were incubated with the secondary antibody conjugated to horseradish peroxidase (diluted 1:3000) for 20-30 min at room temperature. Then, the slides were washed with PBS, following which DAB solution was applied until color was detected. Finally, the slides were counterstained with hematoxylin, and images were captured using a microscope (Olympus). Mouse IgG and rabbit IgG antibodies were used as isotype controls.
Statistical Analysis
All experiments were conducted independently, at least in triplicate, and the data were expressed as the mean AE standard deviation. Comparisons between the groups were performed with Student's t-test or analysis of variance, using GraphPad Prism 5 software. A p value of <0.05 or 0.01 was considered statistically significant.
RESULTS

FN, ITGb1
, and SYND4 Gene Expression Is Changed in Degenerative NP Tissues Immunohistochemistry was used to detect the expression of the FN, ITGb1, and SYND4 proteins in nondegenerative and degenerative NP tissues. The results demonstrated that all three proteins were detectable in both types of NP tissues (Fig. 1A) . Their mRNA expression levels in the two types of NP tissues were calculated by the 2
ÀDDCt method. As shown in Fig. 1B-D , the mRNA expression of FN in the non-degenerative NP tissues was significantly higher than that in the degenerated NP tissues, whereas the mRNA expression levels of ITGb1 and SYND4 were lower. Moreover, Western blotting was used to quantify the protein expression levels (Fig. 1E-J) , whereas those of FN-263, FN-100, and FN-70 were lower, whereas those of ITGb and SYND4 were higher, in the degenerative NP tissues than in the non-degenerative tissues. Fig. 2A), 24 h (Fig. 2B) , and 96 h (Fig. 2C) , whether grown on FN or COL. To evaluate the incidence of anchorage-dependent programmed cell death (anoikis) across the groups, the TUNEL assay was performed (Fig. 2D) . The results showed that the proportion of TUNEL-positive cells was much higher in the cells plated on COL than in those cultured on FN (Fig. 2E) . Moreover, growth on COL enhanced the sensitivity of the degenerative cells to the FAK inhibitor, resulting in increased apoptosis. In contrast, FN could reduce the effects of the FAK inhibitor on apoptosis. The Caspase-Glo 1 3/7 assay was used to determine the activity of caspase in the presence of FN (Fig. 2F) or COL (Fig. 2G) , with results revealing higher relative luminescence units in the FAK-inhibited group, representing higher caspase activity.
Exogenous Administration of ITGb1 Induces NP Cell Apoptosis
We investigated the effects of exogenous administration of ITGb1 on the downstream mediators. The effect of ITGb1 activation on NP cell adhesion was determined by MTT assay. The cell adhesion rate was significantly higher for the NP cells grown on FN than those grown on COL at 24 h (Fig. 3A) and 96 h (Fig. 3B) , but was lower in the presence of ITGb1. These results suggest that FN might play an important role in NP cell adhesion through ITGb1 signaling. Next, the TUNEL assay was used to assess anoikis ITGb1/FAK-DEPENDENT PATHWAY under these experimental conditions (Fig. 3C) . The data showed that the apoptotic rate was increased by ITGb1 activation, but partially reduced by FN (Fig. 3D) .
Exogenous Administration of ITGb1 Activates FAK-Dependent Signaling Pathways
Next, we investigated the effects of exogenous administration of ITGb1 on FAK, PI3 K, and AKT. When comparing the downstream signaling of degenerative NP cells grown on COL and FN (Fig. 4A) , we observed a lower expression of ITGb1 with ITGb1 activation (Fig. 4B) . Notably, growth on FN was able to restore FAK activation in the NP cells (Fig. 4C) , as well as increase the p-PI3 K (Fig. 4D) and AKT (Fig. 4E ) levels.
Targeted Knockdown of ITGb1 Inhibits NP Cell Apoptosis
The effect of ITGb1 inhibition on NP cell adhesion was determined by MTT assay. ITGb1 knockdown inhibited the formation of the FN-SYND4-ITGb1 complex of proteins in NP cells, resulting in higher cell adhesion rates (Fig. 5A) . The results suggested that ITGb1 signaling might play an important role in NP cell adhesion. Next, the TUNEL assay was used to assess whether anoikis was activated by the signaling pathway (Fig. 5B) . The results revealed that the apoptotic rate was partially reduced by the knockdown of ITGb1 (Fig. 5C ).
Targeted Knockdown of ITGb1 Inhibits FAK-Dependent Pathways in NP Cells
To investigate the function of ITGb1 in the NP cells grown on either FN or COL, lentiviral infection of ITGb1 siRNA was used to knock out the target gene in the degenerative NP cells. Then, the signaling pathway involved was detected by western blotting (Fig. 6A) . As shown in Fig. 6B , the FAK activity was significantly activated by the ITGb1 siRNA in the presence of different concentrations of SYND4, but no differences were observed in the expression of p-FAK between the FN and COL groups. The ITGb1 siRNA blocked FN-mediated signaling, thus inhibiting the effects of FN, with subsequent detection of the downstream mediators PI3 K (Fig. 6D) and AKT (Fig. 6F) . Similar results were observed in the COL group ( Fig. 6C , E, and G), although the relative protein levels of p-FAK, p-PI3 K, and p-AKT were significantly higher in the cells grown on FN than in those grown on COL.
DISCUSSION SYND4-ECM Engagement Is Important in IVD Degeneration
There is growing interest in the interaction between syndecans and ECM components. A previous study has shown that SYND4 has essential roles in degenerative disc disease by accelerating aggrecan degradation. 16 SYND4 is also involved in the degradation of both aggrecan and collagen during IVD degeneration. This syndecan subtype exerts its effects by proteolytic cleavage and subsequent shedding of the extracellular domain driven by inflammation. 17, 18 Furthermore, SYND4 has been found to promote the aggrecan degradation mediated by a disintegrin-like and metalloprotease with thrombospondin type I motif 5 (ADAMTS-5), resulting in IVD degeneration. 19 Integrins, the well-known receptors that facilitate ECM adhesion, function synergistically with SYND4 and bind to the FN matrix, contributing to the regulation of tissue regeneration. 20, 21 SYND4 interacts with the ECM by binding to the high-affinity heparinbinding domain of FN, a key component of the ECM.
22
ITGb1 is a crucial component of FN-induced FAK signaling.During this SYND4-ECM engagement, ITGb1, and SYND4 work synergistically through FAK activation. 23 FAK has an antiapoptotic role in anchorage-dependent cells, which may undergo apoptosis when intracellular FAK function is blocked. Therefore, the interaction between SYND4 and the ECM may play a key role during the pathogenesis of IVD degeneration through ITGb1/FAK-dependent apoptotic pathways.
Fibronectin Induces ITGb1/FAK-Dependent Apoptotic Pathways It is becoming increasingly apparent that apoptosis is involved in the pathogenesis of IVD degeneration. Cell ECM-based anchoring plays important roles in modulating cellular biological processes, such as the physiological process of cell death known as apoptosis. During apoptosis, a group of cysteine proteases called "caspases" are activated and disintegrate cells into apoptotic bodies, thereby leading to cell death. 
ITGb1/FAK-DEPENDENT PATHWAY
443
Anoikis is a form of apoptosis caused specifically by a decrease in the cell adhesion molecules, which leads to reduced cell adhesion and eventually cell death. Caspase-3, a critical downstream apoptotic protease in the caspase cascade, 25 is not directly suppressed by FAK;
however, inhibition of the upstream pathway leads to the activation of caspase-3. 26 FAK plays an antiapoptotic role by inhibiting the caspase-3-activated apoptotic cascade. 27 During early apoptotic signaling, FAK is cleaved by caspase-3. 28 Throughout apoptosis, FAK activity regulates focal adhesion and apoptotic events, such as chromatin condensation and nuclear fragmentation. 29 Apoptosis also occurs in anchorage-dependent cells treated with anti-FAK antibodies; in contrast, the process is inhibited by the constitutive activation of FAK. 12 Our results indicated that the decreased adherence capacity of NP cells during IVD degeneration is responsible for subsequent anoikis.
The ECM affects cell adhesion through integrins and syndecans, such as the combination of SYND1 and ITGa v b 3 30 and SYND4 and ITGa 5 b 1 . 23 In response to extracellular stimuli, SYND4 synergizes with ECM molecules to initiate cytoplasmic signals.
31
SYND4 has been identified to play key roles in maintaining matrix homeostasis, by promoting ITGb1-dependent cell adhesion through specific binding of the heparan sulfate chains and FN substrate. 22 In that study, the relationship between FN and the formation of the SYND4-ITGb1 complex in NP cells was investigated. FN was shown to be the preferred binding substrate for NP cells, where its loss could result in downregulated cell adhesion. Treatment with the FAK inhibitor caused a decrease in the cell adhesion rate in a time-dependent manner, and the FAK activity was partially restored by FN. Thus, the increase in FN expression resulted in increased formation of the SYND4-ITGb1 complex, and FAK activity could be activated through SYND4/ITGb1 signaling, which exerted inhibitory effects on apoptosis.
Activation of the Downstream FAK/PI3 K/AKT Axis PI3 K/AKT signaling pathways are involved in the ECM and play key roles in regulating cell apoptosis. Our previous study showed robust expression of the phosphorylated survival protein AKT in NP cells. Upregulation of the islet amyloid polypeptide (IAPP) promoted PI3 K expression in our experiments, indicating that the PI3 K/AKT pathways mediated the role of IAPP in regulating IVD cell apoptosis. 32, 33 Our results showed that formation of the FN-SYND4-ITGb1 complex of proteins was inhibited because of degeneration. To investigate the effects of FN on IVD cell function and adhesion signaling, non-degenerative and degenerative IVD cells were cultured on either FN or COL. The results indicated that FN might enhance the adhesion capacity of degenerative NP cells via the FAK/PI3 K/AKT axis induced by the FN-SYND4-ITGb1 complex of proteins. This resulted in increased cell adherence capacity and decreased anoikis. Therefore, FN rescues degenerative NP cells from anoikis through FAK-dependent signaling.
On the one hand, the degradation of FN inhibits the FAK/PI3 K/AKT pathway during IVD degeneration, resulting in decreased cell adherence capacity and increased anoikis. The data indicated that the FAK/ PI3 K/Akt signaling pathway was inhibited by SYND4 in a dose-dependent manner. On the other hand, the increased expression of SYND4 accelerates degradation of the ECM, forming a vicious circle. We found that the secreted SYND4 inhibited the expression of FAK, and that FN-mediated signaling could rescue FAK expression and the downstream signaling molecules. The results indicated that although the FAK levels were not increased, the levels of p-PI3 K and p-AKT were elevated in the FN-exposed group. Additionally, the FAK signaling activity was partially restored in the degenerative NP cells exposed to FN, with a subsequent increase in the adherence capacity and decrease in anoikis.
CONCLUSIONS
The gene expression of FN, ITGb1, and SYND4 is altered during NP degeneration. FAK signaling is necessary for the improved adherence of degenerative NP cells to FN. In addition to this change, the degenerative NP cells were not highly prone to anoikis. Thus, degenerative NP cells exposed to FN were under less stress from the degenerative pathology, and their FAK signaling activity was partially restored. Additionally, owing to the knockdown of ITGb1, formation of the FN-SYND4-ITGb1 complex of proteins was inhibited, resulting in the increased adherence capacity and decreased anoikis of the NP cells. Therefore, ITGb1 knockdown inhibited the formation of the FN, SYND4, and ITGb1 proteins, resulting in activation of the FAK/PI3 K/AKT axis and contributing to the inhibition of FAK-dependent pathways in NP cells. Thus, ITGb1 plays an important role in regulating FN-induced FAK signaling. In conclusion, we found that the ECM component FN is essential for maintaining the function and survival of NP cells through ITGb1/FAK-dependent apoptotic pathways during disc degeneration (Fig. 7) . More importantly, our results revealed that FN could improve cell adhesion and rescue degenerative NP cells from anoikis, offering a promising therapeutic target for IVD degeneration. This study was financially supported by grants from the National Science Foundation of China (NSFC: U1603121, 81201393, 81272025, 81541056, 2013YGYL015, WJ2017Z017).
